The invasion of land required amphibious fishes to evolve new strategies to avoid toxic ammonia accumulation in the absence of water flow over the gills. We investigated amphibious behaviour and nitrogen excretion strategies in six phylogenetically diverse Aplocheiloid killifishes (Anablepsoides hartii, Cynodonichthys hildebrandi, Rivulus cylindraceus, Kryptolebias marmoratus, Fundulopanchax gardneri, and Aplocheilus lineatus) in order to determine if a common strategy evolved. All species voluntarily emersed (left water) over several days, and also in response to environmental stressors (low O 2 , high temperature). All species were ammoniotelic in water and released gaseous ammonia (NH 3 volatilization) during air exposure as the primary route for nitrogen excretion. Metabolic depression, urea synthesis, and/or ammonia accumulation during air exposure were not common strategies used by these species. Immunostaining revealed the presence of ammoniatransporting Rhesus proteins (Rhcg1 and Rhcg2) in the skin of all six species, indicating a shared mechanism for ammonia volatilization. We also found Rhcg in the skin of several other fully aquatic fishes, implying that cutaneous ammonia excretion is not exclusive to amphibious fishes. Overall, our results demonstrate that similar nitrogen excretion strategies while out of water were used by all killifish species tested; possibly the result of shared ancestral amphibious traits, phenotypic convergence, or a combination of both.
Introduction
Major evolutionary transitions are rare, likely due to physiological challenges associated with invading environments with different abiotic conditions than those that animals have evolved to tolerate. However, if these physiological challenges can be overcome, then the invasion of novel habitats may allow organisms to exploit open ecological niches [1] . For example, the transition from an aquatic to a terrestrial habitat, one of the greatest events in vertebrate evolution [2] allowed fishes to avoid harsh aquatic conditions such as hypoxia or predation, and to take advantage of new ecological opportunities on land [3] [4] [5] . Owing to the dramatically different properties of water versus air, this transition was accompanied by a plethora of physiological challenges for aquatic fishes, including aerial respiration, water retention, and waste excretion [3] . Although the tetrapod invasion of land may have occurred several million years ago, over 200 species of extant amphibious fishes also face the same physiological challenges when they leave water.
One of the most serious challenges to overcome when fish leave water (emerse) is the excretion of metabolic waste products. Protein and amino acid catabolism produce ammonia, the key nitrogen waste product in all animals. Most aquatic fishes excrete ammonia, and to a lesser extent urea (less than 40%), across the gills [6] . However, in fish out of water, excretion may be reduced and ammonia may accumulate to toxic levels [7] .
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Amphibious lifestyles in extant fishes have independently evolved more than 40 times [4, 8] , and a variety of strategies to avoid ammonia toxicity have arisen in these various taxa [7, 8] . Some fishes synthesize urea as a less-toxic nitrogen end product, while others suppress metabolic rate, amino acid catabolism, and overall ammonia production [7, 9] . An entirely different strategy, documented only in a few amphibious fishes, involves the release of ammonia as a gas (NH 3 volatilization) over gut linings (Misgurnus anguillicaudatus; [10] ) or cutaneous surfaces (Kryptolebias marmoratus; [11, 12] and to a lesser extent Blennius pholis; [13] ). Thus, the strategy used by any given species of amphibious fish depends both on its natural history and phylogenetic position.
The killifishes (Cyprinodontiformes) are a diverse (greater than 1 000 spp.) and geographically widespread group that includes at least 34 documented amphibious species distributed between the suborders Aplocheiloidei and Cyprinodontoidei [14] . However, there are many more anecdotal reports of amphibiousness in Aplocheiloid killifishes [15, 16] , suggesting that amphibious lifestyles may be relatively common in this group. Furthermore, killifishes typically occupy harsh aquatic habitats that are periodically low in dissolved O 2 , high in CO 2, high in temperature, or in which water availability is ephemeral, i.e. conditions thought to drive the evolution of amphibiousness [3, 14, 17] . Amphibious behaviour and nitrogen waste excretion have only been studied in one amphibious killifish, the mangrove rivulus Kryptolebias marmoratus that can survive out of water for several weeks [18] . This species excretes waste nitrogen via ammonia volatilization [11] . Is this a mechanism shared by other amphibious killifishes, or have several strategies evolved independently in these fishes? Understanding the evolution of nitrogen excretion in amphibious fishes may provide insights into the abilities of fishes to invade land and allow us to understand how 'predictable' evolution is during major habitat transitions.
To understand whether amphibious killifishes use a conserved strategy to manage nitrogenous waste when out of water, we studied six phylogenetically widespread Aplocheiloid killifish. First, we characterized amphibious behaviour under control conditions and with exposure to hypoxia and elevated temperature. Next, we measured nitrogen excretion in and out of water, and noted a substantial decrease in ammonia excretion rates during emersion in all species. We then tested four hypotheses to explain the reduced rate of ammonia excretion. (i) Ammonia accumulated in the tissues and was excreted across the gills upon re-immersion in water.
(ii) Nitrogen was converted from ammonia to the less-toxic urea. (iii) Overall metabolism was suppressed during air exposure. (iv) Ammonia volatilization via cutaneous Rhesus ammonia transporters (Rhcg1 and Rhcg2) was used to excrete gaseous ammonia. Finally, we compared the presence of skin Rhcg proteins in fully aquatic and amphibious killifishes to test whether this trait is only present in amphibious species.
Material and methods (a) Experimental animals
We studied six species of amphibious Aplocheiloid killifishes that were carefully selected to provide wide phylogenetic coverage of the clade. These included representatives of several non-annual genera (sensu [19] ) within the family Rivulidae (Kryptolebias marmoratus, 0.16 + 0.01 g; Rivulus cylindraceus, 0.29 + 0.02 g; Anablepsoides hartii, 0.58 + 0.05 g); and Cynodonichthys hildebrandi, 0.58 + 0.03 g), the killifish group in which amphibious behaviour is best known, as well as characteristic species from the other two Aplocheiloid families-Nothobranchiidae (Fundulopanchax gardneri, 0.50 + 0.04 g) and Aplocheilidae (Aplocheilus lineatus, 0.32 + 0.05 g). We also examined several non-amphibious species, including the rivulids Hypsolebias sertanejo, Cynolebias itapicuruensis, Ophtalmolebias suzarti, and Simpsonichthys margaritatus, the nothobranchiid Nothobranchius rachovii, the poecilid Poecilia reticulata, the Atheriniform (sister order to Cyprinodontiformes) Melanotaenia splendida, and the distantly related Danio rerio. Laboratory-raised descendants of a freshwater population of K. marmoratus collected on Long Caye, Belize [20] , were used in these studies to simplify comparisons with the other species, which all live in freshwater. All other killifishes were obtained through the aquarium hobby.
Fishes 
(b) Experimental protocol
Four series of experiments were conducted. First, we characterized emersion behaviour. Second, we tested the hypotheses that air-exposed killifishes increased urea production or accumulated nitrogenous waste by measuring rates of ammonia and urea excretion in water, in air, and during recovery back in water. Third, we tested the hypothesis that metabolic suppression reduces ammonia production by measuring O 2 uptake in water and air. Finally, we measured rates of NH 3 volatilization in airexposed fish. Immunohistochemistry of skin sections was used to determine if ammonia-transporting Rh proteins were present.
(c) Amphibious behaviour
To measure voluntary emersion behaviour under control conditions, fish were placed in plastic containers (100 ml water) surrounded by a moist terrestrial platform. At night, the room was illuminated by a red LED light [22] . Voluntary emersion behaviour was analysed for two 6 h periods each day for 3 days, beginning when the lights were turned on in the morning (8.00) and off in the evening (20.00). Emersion responses to acute hypoxia [23] or increased temperature [24] were measured on independent groups of fish as described previously.
(d) Ammonia and urea excretion
Rates of nitrogen excretion were measured as described previously [11] . All fish were fasted 24 h prior to experimentation, long enough for post-prandial ammonia excretion to return to control levels (CA Cooper, L Dickson, PA Wright 2011, unpublished), and weighed post-experimentation. Following the control period, fish were air-exposed by transfer to a new container lined with a moist filter paper (1 ml water; [25] ). Fish were left for 6 h and then fish and filter paper were rinsed (3 ml) and the total sample (4 ml) was collected. The fish were then transferred to a waterfilled 'recovery' container for 2 h as before. Samples were frozen for later analysis of ammonia and urea (within one week). No rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181496 significant bacterial consumption or production of nitrogen occurred throughout the experiments (see electronic supplementary material, methods). We measured the release of gaseous NH 3 over 6 h as described previously ( [11] ; electronic supplementary material, methods). Control trials were performed in the absence of fish to verify that trapped NH 3 was due to the fish alone.
(e) Metabolic rate measurements
To test whether emersed killifishes use metabolic depression to minimize nitrogenous waste production, O 2 consumption was measured using an intermittent flow respirometry system (Loligo Systems WITROX4, Tjele, Denmark) as previously described ( [26] ; electronic supplementary material, methods). Following respirometry experiments, fish were euthanized (buffered tricaine methanesulfonate), fixed in 10% neutral buffered formalin solution for 24 h, decalcified (1 h Cal-Ex, Fisher Scientific), and embedded in paraffin wax [27] .
(f ) Ammonia and urea analysis
Water-ammonia concentration was determined according to the method of Verdouw et al. [28] . Water urea concentrations were measured in accordance with Rahmatullah & Boyde [29] .
(g) Immunohistochemistry
Indirect double immunofluorescence labelling with Fugu Rhcg1 (1 : 500) or Rhcg2 (1 : 500) rabbit polyclonal antibodies [30] and Na þ , K þ ATPase (NKA) (a5, 1 : 100; Developmental Studies Hybridoma Bank) mouse monoclonal antibody was performed as described previously [27] . Secondary antibodies included goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 555 conjugated antibodies, both diluted 1 : 500. Antigen retrieval was performed (0.05% citraconic anhydride [ pH 7.3]) for 30 min at 1008C followed by 5 min in 1% sodium dodecyl sulfate (SDS) in phosphate buffered saline (PBS).
(h) Statistical analyses and calculations
Two-way repeated measures (RM) ANOVA, followed by HolmSidak post hoc tests, were used to compare voluntary rates of emersion among species and between light and dark periods. One-way ANOVA was used to compare temperature thresholds for emersion among species, and non-parametric ANOVA on ranks followed by post hoc Dunn's tests were used to compare O 2 thresholds for emersion. Urea excretion rates were multiplied by a factor of two to present values as urea-N g 21 h 21 . One-way RM ANOVA and Holm-Sidak post hoc tests were used to compare nitrogen excretion rates during the control, air-exposed, and recovery periods within each species. Ammonia deficits during the emersion period were calculated as the ammonia flux from the emersion period subtracted from the control ammonia flux. A nitrogen budget was calculated for individual fish taking into account the contribution of NH 3 volatilization, washout nitrogen, and urea excretion to explain the ammonia deficit during emersion (see electronic supplementary material, methods). Rates of O 2 consumption in water and air were calculated from the decrease in O 2 partial pressure in the respirometry chambers over time, and are presented as mmol O 2 g 21 h
21
. All raw data are available in the electronic supplementary material file 'Livingston et al. dataset'.
Results (a) Amphibious behaviour
All killifishes emersed voluntarily over 3 days under both light and dark conditions (electronic supplementary material, figure S1A ). Anablepsoides hartii, C. hildebrandi, and K. marmoratus showed a significant nocturnal preference, while A. lineatus and R. cylindraceus showed significant diurnal preferences (two-way RM ANOVA, species by time interaction p , 0.05). In response to acute warming, most species emersed as temperatures approached 398C, with the exception of F. gardneri that did not emerse (electronic supplementary material, figure  S1B ). In response to acute hypoxia, all fish emersed (electronic supplementary material, figure S1B). Rivulus cylindraceus and K. marmoratus were significantly more hypoxia tolerant than A. lineatus (one-way ANOVA on ranks: p , 0.001; Dunn's p , 0.05; electronic supplementary material, figure S1B).
(b) Nitrogen accumulation and urea excretion
All killifishes were ammoniotelic in water, with urea excretion accounting for less than 30% of total nitrogen excretion (K. marmoratus 27.8 + 6.2%, A. hartii 16.4 + 9.0%, C. hildebrandi 20.5 + 4.0%, F. gardneri 27.9 + 5.4%, and A. lineatus 21.0 + 2.1%), except values were slightly higher in R. cylindraceus (36.8 + 7.2%). During air exposure, a significant reduction in ammonia excretion was observed in all species compared to the control period (one-way RM ANOVA, p , 0.05; figure 1a ). Urea excretion during emersion (A. hartii; oneway RM ANOVA, p , 0.01, N ¼ 6, figure 1b) and nitrogen retention (washout nitrogen, F. gardneri; one-way RM ANOVA, p , 0.01, N ¼ 6, figure 1a) were significantly elevated in A. hartii and F. gardneri, respectively. No species displayed a significantly higher rate of urea excretion upon re-immersion when compared to the control (figure 1b).
(c) O 2 consumption
Rates of O 2 consumption significantly increased during air exposure in 5/6 species tested ( paired t-test, all p , 0.05, N ¼ 6, electronic supplementary material, figure S2 ). In the remaining species, A. lineatus, there was no significant difference between water and air ( p ¼ 0.059).
(d) Ammonia volatilization and skin Rh proteins NH 3 volatilization was detected in all six killifish species (figure 1c). Volatilized NH 3 accounted for a significant portion of total ammonia excretion during emersion in all species (figure 1c, 57-89%). We calculated a nitrogen budget to determine the contribution of NH 3 volatilization, washout ammonia, and urea synthesis to the ammonia deficit (difference between water and air ammonia excretion; electronic supplementary material, table S1). After accounting for these nitrogen strategies, there remained only a minor portion of nitrogen unaccounted for in three species (0 -22%) and a larger portion in the other three species (35 -78%) (electronic supplementary material, table S1).
Ammonia-transporting Rh proteins were detected in the skin of all six amphibious killifishes (figure 2). Rh proteins appeared as a consistent signal across the entire epidermis in all species except for K. marmoratus, in which both Rhcg1 and Rhcg2 were localized only to the apical crypt of cutaneous ionocytes (NKA-positive cells). Localization of Rh proteins to ionocytes was also observed in A. hartii, while in other species cutaneous ionocytes were exceedingly rare or absent.
Cutaneous Rh proteins were also evident in several other species. Rhcg1 and Rhcg2 were strongly expressed in S. margaritatus and O. suzarti and weakly expressed in H. sertanejo rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181496 and C. itapicuruensis (electronic supplementary material, figure S3 ). Expression of Rhcg2 was absent in N. rachovii. Rhcg proteins were also clearly expressed in the fully aquatic outgroup species. Of these aquatic species, Rhcg proteins were co-localized with NKA in only O. suzarti.
Discussion
Our results show that the six killifishes we studied in the families Rivulidae, Aplocheilidae, and Nothobranchiidae are amphibious; they voluntarily emersed under control conditions, showed no signs of distress during air exposure and all maintained O 2 uptake in air. These species also shared a common nitrogen excretion mechanism during air exposure, using NH 3 volatilization to excrete potentially toxic ammonia as a gas. Furthermore, we showed that all six species expressed ammonia-transporting Rh proteins on their cutaneous surfaces, suggesting a similar mechanism for NH 3 volatilization in each species during emersion. Other strategies for nitrogen metabolism and excretion during terrestrial sojourns, for example, urea synthesis or accumulation of nitrogenous end products, were not universally evident.
(a) Emersion behaviour
The six killifishes tested all emersed voluntarily. Emersion behaviour varied; some species only emersed occasionally, while others spent about a third of the time out of water. The thresholds for emersion in response to environmental stressors (low O 2 , high temperature) were remarkably similar. Amphibious killifishes typically inhabit swampy, stagnant pools that are vulnerable to O 2 and temperature fluctuations [14] . Avoidance behaviour may be crucial-being able to occasionally leave inhospitable water bodies may be a strong selecting agent (e.g. to escape and breathe air [23] , or to cool evaporatively [24] ). There was one exception; F. gardneri did not emerse in response to high temperatures, possibly because they live in cooler and more thermally consistent waters than the other species [31] .
(b) Ammonia excretion during emersion
Ammonia excretion was substantially reduced during air exposure. Similar reductions in ammonia excretion rates have been described in other amphibious fishes out of water [9, 11, 32] . Our data indicate that NH 3 volatilization is the most important strategy for ammonia excretion out of water in all the killifishes examined in this study. Previously, K. marmoratus was shown to release gaseous NH 3 [11] through a more than 33-fold increase in skin NH 3 partial pressure, accompanied by a significant increase in skin pH [12] . Alkalinization of the cutaneous surface favours the conversion of the ionic (NH 4 þ ) to the non-ionic form (NH 3 ), which is then volatilized if in contact with open air [33] . Upregulation of rhcg1 and rhcg2 mRNA in the skin of K. marmoratus exposed to air (24 h) suggests that NH 3 volatilization may be dependent on these ammonia-transporting proteins [34] . We found that Rhcg1 and Rhcg2 proteins were present in the skin of all six amphibious killifishes studied. We then questioned whether cutaneous Rh proteins are more widely present in fishes, including fully aquatic species. Of the nine additional species we tested, it was clear that Rh proteins are found in the skin of non-amphibious Aplocheiloids and other more distantly related fishes (e.g. M. splendida, D. rerio). Cutaneous expression of Rhcg1 proteins localized to skin ionocytes has been shown in early life stages of Oncorhynchus mykiss [35] , D. rerio [36] , and Oryzias latipes [37] , all fully aquatic fishes, but as development progresses ammonia excretion and Rhcg expression shifts to the gills and away from the skin [38] . However, our data reveal that many adult fishes retain these larval traits. In neotenous newts and aquatic caecilians, ammonia is eliminated across the skin [39, 40] , whereas in most adult amphibians nitrogen wastes are excreted as urea via the kidneys [41] . Thus, the retention of larval traits across diverse fishes suggests that the cutaneous ammonia-excreting phenotype was available for amphibious killifishes to exploit when emersed, rather than evolving in response to amphibious behaviour.
In our study, two patterns of Rh protein distribution were observed; apical localization of Rhcg within skin NKApositive ionocytes (A. hartii, K. marmoratus), and/or Rhcg in the epidermis not associated with ionocytes (A. hartii, R. cylindraceus, C. hildebrandi, F. gardneri, and A. lineatus). Previously, we showed that Rhcg1 was localized to the apical crypts of gill [33] and skin NKA-positive ionocytes in K. marmoratus [33, 42] . In the other species, skin ionocytes In addition to ammonia volatilization, we tested several other possible strategies amphibious killifishes could use to deal with nitrogenous waste during emersion. Rates of ammonia production and excretion could be reduced via a general metabolic depression. However, we found the opposite pattern-O 2 consumption significantly increased during air exposure in five of the six species tested, and remained constant in A. lineatus. Nitrogenous waste could also be rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181496 accumulated in the tissues as ammonia or the less-toxic urea, or urea could be excreted directly to the substrate. After fish were returned to water after air exposure, however, there was no consistent evidence that nitrogen waste products had accumulated. In five out of six species, ammonia excretion rates during the recovery period were not significantly higher than pre-emersion control rates. To ensure that there was no delayed excretion response, we extended the recovery period for an additional 18 h, but again, failed to detect a 'washout' of ammonia or urea (data not shown). Only F. gardneri had elevated (approx. twofold) ammonia excretion rates post-emersion, suggesting this may be a species that is more tolerant of elevated tissue ammonia levels, although they too eliminated significant amounts of gaseous ammonia in air. Ureotelic amphibious fishes (those that convert ammonia to less-toxic urea during emersion) typically undergo a washout of urea-N upon re-immersion and employ an active ornithine urea cycle [7] . For example, the lungfishes P. annectens and P. aethiopicus increased urea-N excretion 10-fold during re-immersion [9] . In our study, only A. hartii showed a significant increase in urea-N excretion (approx. 4Â) to the substrate during emersion. It is probable that urea is synthesized in Aplocheiloid killifishes from either the degradation of arginine or uric acid, consistent with most other teleosts that do not retain an active ornithine urea cycle as adults [11, 43] .
The nitrogen budget revealed that the various nitrogen excretion strategies we tested did not fully account for the mismatch between excretion in water and air in all species. This was most apparent in K. marmoratus, where the decrease in ammonia excretion was greatest. Besides NH 3 volatilization, K. marmoratus may alter amino acid metabolism during emersion, storing nitrogen as glutamine and alanine [11] . Whether other killifish species likewise alter amino acid metabolism is unknown.
(c) Significance and conclusions
Fishes have been remarkably successful in colonizing new habitats, and understanding the origins of physiological adaptations may provide new insights into these transitions and subsequent adaptive radiation. Repeated independent evolution of amphibious behaviour in fishes [4, 8] , has resulted in multiple strategies for coping with the potential accumulation of toxic ammonia on land in the absence of gill water flow [7] . Given this range of possible solutions, it is remarkable that ammonia volatilization, probably facilitated by cutaneous Rh ammonia transporters, was widespread among phylogenetically diverse Aplocheiloid killifishes.
The presence of similar ammonia-volatilizing mechanisms in Aplocheiloid killifishes could be the result of common ancestry, convergent evolution or a combination of these options (e.g. Rh-protein facilitated volatilization could represent the ancestral state of rivulid killfishes, and have evolved convergently in F. gardneri and A. lineatus). In support of the common ancestor hypothesis, early Miocene Aplocheiloid fossils collected in Kenya represented the only fishes present in a seasonally dry habitat, hinting that amphibiousness may be the ancestral condition in this clade [44] . The ability to survive without water, aided by NH 3 volatilization via cutaneous Rh proteins, may have allowed these early killifishes to occupy ephemeral habitats unavailable to fully aquatic fishes, and may be key to the widespread geographical range and high species diversity of extant Aplocheiloid killifishes [14] . Alternatively, the use of ammonia volatilization by killifishes could be the result of convergent evolution. Shared developmental constraints [45] may have played a role in limiting the diversity of nitrogen excretion strategies available to Aplocheiloid killifishes. For example, these fishes are all relatively small-bodied with high surface area-to-volume ratios making the cutaneous surface an effective exchange surface [46, 47] . In addition, the presence of skin Rh proteins in aquatic fishes suggests that when Aplocheiloid killifishes first started emerging onto land, they could exploit an existing mechanism. Thus, cutaneous ammonia excretion probably did not initially evolve as an adaptation to terrestrial life, as Rh proteins are critical for ammonia excretion in larval aquatic fishes [38] and our results also demonstrate skin Rh proteins in a wide range of fully aquatic adult fishes. Given this range of possible evolutionary scenarios, it is curious why other groups of small fishes with cutaneous ammonia excretion living in similar swamp-like conditions (e.g. D. rerio), have not likewise adopted amphibious behaviour. Understanding the constraints that prevented other fishes from colonizing land will be equally as interesting as understanding what enabled these transitions.
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